Abstract-If water is stressed with a voltage pulse having a rise channel and its transient resistance together with the HPU time of tens of nanoseconds which creates a sufficiently high pulse profile, an analytical model has been proposed. It can be electric field, streamers develop and a highly conductive channel shown that the results of calculations using this model are in forms between the electrodes. The intense Joule heating of the plasma in the channel results in the collapse of its electrical resistance from a few Ohms to a few tens of milliOhms with the 1.
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ANALYTICAL MODEL behavior of the collapse depending on the parameters of the discharge circuit. The rapid decrease of the resistance occurs during the first quarter of the current oscillation in the circuit.
To describe the time-dependent resistance of the plasma During this time, the pressure inside the channel rises to several channel in water during its decreases from its initial values of a GPa, causing the channel to expand in water with a velocity of 100 few Ohms to its plateau resistance of a few tens of milliohms to 1000 m/s driving a high power ultrasound pulse. In the present an analytical model based on the Braginskii hydro-dynamic paper, a phenomenological model is discussed which describes the energy balance equation and an empirical link between the dynamics of the resistance of underwater spark discharges during plasma channel resistance and its internal energy is used. The its initial stage and allows the pressure in the acoustic pulse to be * where V(t) is the volume of the plasma channel and P is the Streamer breakdown of water and the dynamics of the fast pressure in the channel. Energy losses due to light emission transient cavity developed as a result of this process has been and heat conduction have been neglected in Equation (1). the subject of research by several investigators. The interest in Assuming that the electrical behavior of the system can be this subject is driven particularly by the use of water as a approximated by a series LCR circuit. A Kirchhoff equation medium in high voltage switching devises employed in pulsed can be written in terms of the current: power systems [1] , and the generation of wide band high power ultrasound (HPU) pulses through underwater spark discharges. ___+1 d ((
The resistance of the plasma cavity, Rpl(t), decreases dt2 L dt s LC significantly from a relatively large value at the moment when the first streamer bridges the inter-electrode gap forming a where C and L are the capacitance and the inductance of the narrow conductive channel which results in the appearance of a pulsing circuit, and Rt is the constant stray resistance.
high conduction current, I(t), to a much lower plateau value at
To link the hydro-dynamic energy balance equation (1) in (t) transient resistance of the plasma channel is important in the design of water-dielectric switches to allow the evaluation and where As is a spark constant which characterises the content of reduction of energy dissipation, or in water spark discharges the spark breakdown channel, and f is the channel length. used in practical applications for the optimization of energy Expression (3) has been validated experimentally and it was release. To calculate the parameters of the expanding plasma found thatAS changes insignificantly during the first half cycle d2y(x) 1 _f(x) 3 (dy(x822 (8) of the current oscillation and has a value As z2.5T 1h04ValS/M2 forth= 2 4 27Yk --) -MP y(x){ a discharge with the energy of -2.6 kJ [6] . This value of the dx YU() 2 x°s park constant has been used in the present model.
The parameter WIK(t) can be derived using:
where (x)= A Z(X)2 and P(,),
It has been assumed that the ionized water components and PW ( ) -o (+To 1K(rs (4tt(t)dYX)+ ( dx9A vapor in the spark discharge channel behave adiabatically as an ideal gas with a constant ratio of specific heats r=1.3 [7, 8] .
1 pO a6 (dy(x)) V -Equations (1)- (4) allow the time-varying resistance and --024 _ yVx) (9) radius of the spark channel to be derived together with the 2 P0 Tr0r. t dx current oscillating in the pulse driving circuit. To describe the radiated acoustic pulse as a linear acoustic approximation, the Here, x is dimensionless time, z(x) is dimensionless current, equation for the pressure, P,,(t), in a compression wave y(x) is the dimensionless radius of the plasma channel, p(x) is propagating in water [7] can be used:
the dimensionless pressure in the channel, p,,(x) is the dimensionless pressure in the acoustic pulse at the p0 d2V(t) P0 ____ = -r dimensionless distance, rt, and the functionf(x) determines the PW(t=Po+Zr d2
( 8| tI t=-electrical energy dissipated in the plasma due to the Joule r U 2V49yr2 )K dt°h eating. The initial conditions for the solution can be set as (5) follows: in the electrical circuit at the initial time instant, x=0, the current is absent and the total charge is stored in the where Po is the external hydrostatic pressure, co is the speed of capacitance ofthe electrical circuit: sound in water, and r is the distance between the spark discharge channel and an observation point in water.
d()(0 To allow numerical solutions of equations (1)- (5) water and the HPU pulse profiles produced by these discharges
Using the normalization parameters (6), the energy balance were conducted. The spark discharges were generated in tap equation (1), the Kirchhoff equation (2) and the equation for water by a pulsed power supply designed to deliver HY pulses the pressure pulse in water (5) can be re-written as:
with magnitudes up to 35 kV and energies up to 1 kJ/pulse. The spark discharge source has the inter-electrode gap of Table I but assuming that using the phenomenological approach proposed in [9] . If the the resistance of the plasma channel varies with time. Again, behavior of dissipation of the electrical energy in the plasma the amplitudes of the pressure pulses 500 mm away from the channel is known, Equation (1) could be solved directly, spark electrodes have been obtained. without involvement of the Kirchhoff equation (2). The energy
The comparison between the phenomenological approach dissipation function could be obtained from the experiments with the defined energy dissipation function (Equation (13)) using the discharge waveforms. As was shown in [11] , the and the analytical model with a time-dependant plasma channel breakdown current waveforms for the underwater spark resistance is shown in Figure 1 . discharges generated by the pulse driving circuit and the electrode system match the analytical curves for under-damped points connected with dash line) and by Equations (7)- (1 1 quarter of the current oscillation. The current waveform, I(t), obtained from the model (solid line) matches well the Equations (12) and (13) have been normalized using waveform, I(t)exp plotted using the experimental values of_the appropriate parameters from Expressions (6) and solved parameters Ih, a, co averaged over five discharges and the numerically for the constant resistances listed in Table I and standard expression for the under-dumped current in a series corresponding experimental parameters Ih, a co. The expected LCR circuit (dash-dotted line). The difference in the maximum amplitudes of the acoustic pressure pulses 500 mm away from current values between these two waveforms is less than 12 00O. the discharges have been calculated using Equation (9). V. The analytical approach presented in this paper allows the 1(t) xp=12.1*EXP(-0.0233*t)*SIN(031*t) functional behavior of the plasma channel resistance to be LiX X j obtained for underwater spark discharges. Although the model 2. is based on the phenomenological description of the plasma t channel dynamics and its resistance and requires the F knowledge of the spark constant, the results obtained using this 01 R(t) approach provide a reasonable agreement with experimental measurements.
-
It was shown that pressure in the HPU pulses generated by underwater spark discharges with the constant inter-electrode 0o01 0o01 gap spacing does not increase significantly with increase in the 0 2 4 6 8 10 pulse electrical energy. However, increasing the charging Time,,ts voltages produces greater amplitudes of the acoustic signals at optimization of the parameters of the pulsed power circuits for
The analytical model has also been used to calculate the various applications ofunderwater spark discharges such as the expected maximum pressure amplitude in the HPU pulses comminution and recovery ofwaste materials [13] . The pressure values calculated by the analytical model are Trans. on Plasma Science, v. 32, no. 5, 2004 Science, v. 32, no. 5, , pp.1778 Science, v. 32, no. 5, -1789 does not result in a linear increase in the acoustic pressure. In pp.036402-1-6.
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